Abstract: A pre-treatment methodology for clenbuterol hydrochloride (CLEN) isolation and enrichment in a complex matrix environment was developed through exploiting molecularly imprinted polymers (MIPs). CLEN-imprinted polymers were synthesized by the combined use of ally-β-cyclodextrin (ally-β-CD) and methacrylic acid (MAA), allyl-β-CD and acrylonitrile (AN), and allyl-β-CD and methyl methacrylate (MMA) as the binary functional monomers. MAA-linked allyl-β-CD MIPs (M-MAA) were characterized by Fourier transform-infrared (FT-IR) spectroscopy and a scanning electron microscope (SEM). Based upon the results, M-MAA polymers generally proved to be an excellent selective extraction compared to its references: AN-linked allyl-β-CD MIPs (M-AN) and MMA-linked allyl-β-CD MIPs (M-MMA). M-MAA polymers were eventually chosen to run through a molecularly imprinted solid-phase extraction (MISPE) micro-column to enrich CLEN residues spiked in pig livers. A high recovery was achieved, ranging from 91.03% to 96.76% with relative standard deviation (RSD) ≤4.45%.
Introduction
Clenbuterol hydrochloride (CLEN, 4-amino-α-(t-butylaminomethyl)-3,5-dichlorobenzyl alcohol hydrochloride), a class of therapeutic drugs of β 2 -adrenergic agonists, is primarily used in human and veterinary medicine to treat asthma and other pulmonary disorders; however, when orally overdosed, it acts as a repartitioning agent by shifting nutrients from the adipose tissue towards the muscle tissue, and functions as a growth promoter (Ricks et al., 1984) . Owing to health concerns about its toxicity reported by numerous researchers (Pulce et al., 1991; Bilbao Garay et al., 1997; Brambilla et al., 1997; Ramos et al., 2003; Barbosa et al., 2005) , the use of CLEN has been prohibited in meat-producing animals by many countries, including USA, European Union (EU) member states, China, etc. The symptoms of consumers after ingesting food from this tainted meat were typically described as gross tremors of extremities, tachycardia, nausea, headaches, and dizziness (Barbosa et al., 2005) . Of the β 2 -agonist sympathomimetic class, CLEN is the only member of drug allowed for the therapeutic use within Europe on animals as a bronchodilator; however, the Food and Drug Administration (FDA) has classified it in Group I drugs with no allowable extra-label uses in any food-producing animal species (Crescenzi et al., 2001) . To ensure that meat products are suitable for human consumption, the maximum residue limit (MRL) of CLEN in the livers of cattle and horses proposed by EU is fixed at 0.5 µg/kg (de Wasch et al., 1998) . Therefore, a reliable sensitive method is required to determine a trace amount of CLEN in meat products below the parts per billion (ppb) levels.
Several techniques have been developed for extracting CLEN from complex matrices. The conventional pre-treatment ones are mainly reliant on liquidliquid extraction (LLE) (Courtheyn et al., 1991; de Wasch et al., 1998; Keskin et al., 1998; Zhang et al., 2003) or solid-phase extraction (SPE) (Horne et al., 1998; Bruins et al., 1999; Li et al., 2010) . However, these two classic methods have timeconsuming cleanup steps and require large quantities of toxic organic solvents in order to obtain a homogeneous liquid phase containing an analyte of interest. There are many newly developed pre-treatment methods of β 2 -agonists CLEN determination, including molecularly imprinted matrix solid-phase dispersion (MI-MSPD) coupled with high performance liquid chromatography (HPLC) ultraviolet detection (Qiao and Du, 2013) , surface molecularly imprinted polymer (MIP) and micro-extraction in a packed syringe (SMIP-MEPS) (Du et al., 2014) , MSPD and molecularly imprinted SPE (MISPE) (Huy et al., 2014) , and MIP-capped cadmium telluride (CdTe) quantum dots (Qian et al., 2006; Huy et al., 2014; Ying et al., 2014) . However, although there are many different procedures each claiming its own benefits, there is still a strong need for a simpler, effective, and efficient method for the extraction of the trace amount of analyte in complex mixtures.
MIPs, possessing the advantages of high selectivity, easy preparation, and high chemical stability, are synthetic polymers which display specific recognition sites for a target analyte (Mahony et al., 2005; Beltran et al., 2010; Prieto et al., 2011; Hiratsuka et al., 2013) . MISPE cartridges have been employed to separate pesticides (Muldoon and Stanker, 1997; Zhu et al., 2002; Lv et al., 2007) , drugs (Mullett and Lai, 1998; Shi et al., 2007) , and illicit food additives (He et al., 2010; Kang et al., 2012) from different biological matrices. The main compositions engaged in the creation of MIPs are the template molecule, the functional group, and the cross-linking agent.
Cyclodextrin was frequently used in the enantiomer separation and drug delivery systems for their unique property to form inclusion compounds with other small molecules (Tsai and Syu, 2005) . In recent times, β-cyclodextrin (β-CD) and its derivatives were typically chosen as either a single (Zhong et al., 2001; Tsai and Syu, 2005; Xu et al., 2008) or a combined use as binary functional monomers (Chen et al., 2007; Xu et al., 2007; Kang et al., 2012) to synthesize β-CD-MIPs; the synthesized MIPs, additionally, have been demonstrated to obtain greater adsorption properties with addition of β-CD (Kang et al., 2012) .
The objective of the present study was to develop a rapid and sensitive technique to identify a trace amount of CLEN in pig liver samples. The MIP was synthesized using CLEN as the template, and the combined use of allyl bromine-β-cyclodextrin (allyl-β-CD) and methacrylic acid (MAA), allyl-β-CD and methyl methacrylate (MMA), allyl-β-CD and acrylonitrile (AN) as the binary functional monomers; ethylen glycol dimethacrylate (EGDMA) as a crosslinker. An array of assays was performed to evaluate the selective binding efficacy of prepared MIPs, and finally, MIPs were applied to test the spiked liver sample with CLEN constituent to determine the recovery rates through the MISPE procedure.
Materials and methods

Chemicals
The analytical working standard CLEN (98.5% (v/v, similarly hereinafter)) was ordered from the Laboratory Labor Dr. Ehrenstorfer-Schafers (Augsburg, Germany). Salbutamol, terbutaline sulfate, ambroxol hydrochloride, β-CD (96%), allyl bromide (98%), MAA (99%), MMA (99%), EGDMA (98%), azo-N,N-bisisobutyronitrile (AIBN, 99%), and N,Ndimethylformamide (DMF, 99.5%) were procured from Aladdin Chemistry (Shanghai, China). AN (99%) and HPLC-grade methanol were purchased from Gracia Chemical Technology (Chengdu, China) and Tianjin Sayfo Technology (Tianjin, China), respectively. Ultra-pure water, used for MIP synthesis and the HPLC mobile phase, was produced from a laboratory water purification system (ultra-pure UF model, Shanghai, China).
β-CD and AIBN reagents were re-crystallized from water and methanol, respectively. The selected re-distillated MAA, AN, and MMA functional monomers and already prepared CLEN stock solution (1 mg/ml in HPLC-grade methanol) were stored in the refrigerator at 4 °C prior to their use. All the reagents used in this work were of high-purity grade.
Instruments
The chromatographic analyses were performed on an Agilent 1200 HPLC system equipped with an ultraviolet-visible (UV-vis) variable wavelength detector (225 nm monitored), binary pump (G1312B), degasser (G1322A), autosampler SL, and temperaturecontrolled compartment (Santa Clara, CA, USA). The reversed-phase column was XB-C18 100A (4.6 mm× 100 mm, 1.8 μm, Phenomenex, USA). The mobile phase composition of acetonitrile and water was blended in a ratio of 4:1 (v/v) with the addition of 0.5% (5 g/L) phosphoric acid (H 3 PO 4 ). The flow rate was run at 1 ml/min and the controlled temperature was 30 °C. The injection volume of 10 µl and running time of 4 min were observed to result in a sufficiently good response and separation of CLEN compound.
Fourier transform-infrared (FT-IR) spectroscopy (Nicolet, USA) was adopted to characterize the synthetic properties of MIP formations and the scanning electron microscope (SEM; Hitachi, Japan) was used to characterize the properties of synthetic MIP morphology.
Preparation of allyl-β-CD
The reaction of allyl bromide and β-CD was prepared as follows: 20 g of sodium hydroxide (NaOH) was first dissolved with 20 ml of water in a 100-ml glass beaker. The solution was continually stirred until it was well mixed before 20 g of β-CD was poured into it. This solution was mechanically stirred in the water bath at 60 °C for 2 h. Then, 4 mmol allyl bromide was added to the solution and continually stirred under nitrogen gas for 2 h in the inert atmosphere at 60 °C. The solution was finally transferred back to the water bath for 30 min prior to desiccating in the oven at 60 °C. After a few days, the rigidly dried yield of reaction mixture obtained was crushed and ground into fine powder and washed 5 times with absolute ethanol (5 min each time), in order to remove the residues from the resulting product.
Synthetic polymerization of MIPs
MIPs were synthesized according to the previous report (Kang et al., 2012) with some modifications. Allyl-β-CD synthetic stock compound (2.80 g) was first dissolved in 40 ml DMF for 30 min prior to adding 2 mmol CLEN to the solution. The reactive solution was processed for 2 h at a controlled temperature of 60 °C under continuous magnetic stirring with nitrogen gas purging. A 12-mmol functional monomer (MAA, AN, or MMA) was then added to the solution, allowing 1 h for reaction. Afterwards, 60 mmol EGDMA was added for another 1 h reaction, followed by adding 40 mg AIBN as an initiator; the resultant solid-state reaction mixture was obtained after about 30 min and was then incubated in a water bath at 60 °C for 24 h. The bulk solid, removed from the thermal bath, was continually desiccated in an oven for 2 d before being crushed and ground into free-flowing powder through a 400-mesh steel sieve. Fine particles were collected and washed with hot water to minimize possible contaminants. They were subsequently Soxhlet-extracted with methanol and acetic acid (9:1, v/v) until no CLEN was detected by UV-vis spectrophotometry. The MIPs were finally washed with methanol to remove acetic acid residue prior to testing its binding characteristic capabilities.
Non-imprinted polymers (NIPs) were simultaneously prepared under the same conditions except that the CLEN template was removed.
Binding assays
Influence of adsorption solvent on the binding factor
Methanol and water at varying ratios of 10:0, 8:2, 6:4, 5:5, 3:7, 1:9 (v/v) were chosen as a source of solvent to evaluate the binding assays of MIPs and NIPs. Several studies describe MAA monomers as having a great effect on binding adsorption (Shi et al., 2007; Beltran et al., 2010; He et al., 2010; Kang et al., 2012) . Thus MAA-linked allyl-β-CD MIPs (M-MAA) were selected as models amongst the prepared MIPs to evaluate their binding performance for CLEN in different testing solvents. Polymer particles (20 mg) were inoculated for 1 h in 3 ml of 0.1 mg/ml CLEN solution in 10 ml conical flasks by shaking at 140 r/min at the controlled temperature of 30 °C.
After the defined time of inoculation, the solvent was removed by filtering through 0.22-µm filters for HPLC analysis. The percentage of bound substrates to the polymer matrices (S bound ) was calculated from the following equation: S bound =[(initial amount−free amount after adsorption)/initial amount]×100%.
Binding specificity
All synthetically imprinted and non-imprinted polymers were tested for their rebinding capacities with a target binding molecule of CLEN in solvent media. The amount of template bound to polymers (Q, mg/g) was determined by equilibrium binding experiments and calculated according to the following equation (Lv et al., 2007) :
where V (ml) is the volume of the solution, c i (mg/ml) the initial concentration, c a (mg/ml) the free concentration after adsorption, and m (g) the dried mass of polymers.
The distribution coefficient (K d , ml/g) of CLEN was used to understand its binding affinity between polymers and the solution. The higher the amount of K d , the greater the role the polymers have played. The following equation for K d is from a previous study (Zhu et al., 2002) :
To understand the significant variation of the amount of uptake between MIPs (Q MIP ) and NIPs (Q NIP ), the specific binding capacity ∆Q (mg/g) was applied according to
The molecular imprinting factor (IF) was employed to validate the imprinting result. IF was calculated as follows:
where K d (MIP) and K d (NIP) are the distribution coefficients of MIP and NIP, respectively.
Binding dynamics and competitiveness
To study the binding dynamics of each synthetic polymer, 20 mg MIP particles were inoculated for 1 h in 3 ml of a defined amount of CLEN solution ranging from 0.001 to 0.100 mg/ml in 10 ml flasks by shaking at 140 r/min at 30 °C.
A series of structural analogues of CLEN, including salbutamol, terbutaline sulfate, and ambroxol, was tested under the same conditions to characterize the polymers' competitive binding affinity and efficiency, as well as functional recognitions of its structurally related compounds. The concentration of solution was 0.1 mg/ml in all circumstances. Fig. 1 shows the chemical structures of CLEN and its analogues.
Procedure for preparation of MISPE
An aliquot (50 mg) of MIPs or NIPs was packed into a micro-column (pipet) with a piece of cotton as a stopcock, followed by a thin layer of quartz crystal sand on the top of the polymers. The stock solution of CLEN was prepared in methanol and water (3:7, v/v) with the concentrations of 10 and 100 µg/ml, respectively. The polymers were pre-conditioned with 3 ml methanol and 3 ml water prior to loading the sample. After conditioning, 1 ml of stock solution containing 10 or 100 µg CLEN was loaded into the pipet; a total of 3 ml adsorption solvent was used per sample. It was later washed out with 3 ml hexane in order to displace any non-adsorbed components in the column; hexane has been described as having a good effect on washing for CLEN (Qiao and Du, 2013) . A 3-ml elution of methanol containing acetic acid in a ratio of 9:1 (v/v) was run to remove the template material. The eluate was continually collected in a test tube, and dried under nitrogen gas streaming. It was then re-dissolved with 1 ml methanol for HPLC analysis. The elution solvent was eluted through the column with a flow rate of 1 ml/min.
The persistence of CLEN in plasma and urine is reported to be low, but it persists in liver at much higher levels than in other edible tissues and is detectable in the liver for up to two weeks after the withdrawal of the drug from an animal's feed (Meyer and Rinke, 1991) . Hence, the liver is the tissue of choice for detecting illegal use of CLEN. The liver organ was purchased from local markets and used as our sample. About 3 g of the ground liver was weighed into a 50-ml polypropylene centrifuge tube and 10 ml water was then added to the sample. The mixture was blended by a vortex agitator for 5 min, then 0.5 g of sodium chloride (NaCl) and 5 ml hexane were added to the solution, and it was homogenized once again prior to sonicating for 10 min. This solution was separated by centrifugation at 3500 r/min for 5 min. The collected supernatant was decanted into a test tube, and 3 ml methanol was mixed to precipitate the fat and protein contents and it was subsequently filtered before loading for testing. The recovery experiment (R) was evaluated by spiking blank liver with various concentrations of CLEN standard solutions (0.005, 0.100, 1.000, and 10.000 µg/g liver), and the blank control sample was carried out by the same sample preparation procedure except that CLEN standard solution was removed. The recovery was calculated as follows:
where C mean is the mean of the fortified liver concentration, and C spiked is the spiked concentration.
Results and discussion
Characterization of the synthesized MIPs
The M-MAA was taken as a model for characterization by FT-IR spectroscopy (Fig. 2) . A very sharp peak at 1730.75 cm −1 was a carbonyl group (C=O) from MAA and EGDMA, 1159.55 cm −1 was C-O stretch, and 1636.96 cm −1 indicated the aromatic ring from CLEN compound. A large vibration from around 1450 to 1250 cm −1 was a carbon-carbon single bond (C-C), confirming that the template and functional monomers were presenting in the polymeric networks (Fig. 2a) . Additionally, a very broad band between 3600 and 3000 cm −1 was O-H stretching and 2957.06 cm
was C-H stretch, which is compatible with the β-CD constituent functional structure. For NIPs (Fig. 2b) , it was observed that the region and shape of the major bands were similar to those of imprinted polymers.
According to SEM, the imprinted and nonimprinted polymers were remarkably different in texture. The M-MAA looked rough, friable, and porous, while the MAA-linked allyl-β-CD NIP (N-MAA) was smooth and compact (Fig. 2c) . The irregular, rough, porous MIPs surface is most likely formed by the template removal during Soxhlet apparatus operation creating the particular sites of rebinding cavities.
We chose allyl-β-CD and MAA functional monomers as binary functional monomers because the characteristic of allyl-β-CD is having hydrophobic inside while having hydrophilic outside the cavity, which enables them to form non-covalent host-guest inclusion complexes with organic and hydrophobic compounds, and MAA has electrostatic attributes that can interact with other guest molecules via hydrogen bonds (H
. Therefore, when we mixed allyl-β-CD and MAA together, the imprinted polymers will increase stronger binding interactions with analyte through hydrophobic effects and hydrogen bonding. In the pre-polymerization process for M-MAA synthesis, when allyl-β-CD molecules were mixed with CLEN template in DMF, there is the possibility of aromatic rings of CLEN being either trapped inside or outside the hydrophobic core of ally-β-CD stereo-shape cavities based on its chemical nature. Whenever the benzene ring is inside, the hydroxyl group (-OH) of CLEN will make a stronger hydrogen bond in the presence of additional MAA monomer. Thus, the allyl-β-CD and MAA were complementary. The position and mutual conformation of allyl-β-CD and MAA were firmly fixed through the crossing-linking agent. This imprinting process is illustrated in Fig. 2d. 
Binding assays
Influence of adsorption solvent on the binding factor
As previously mentioned in Section 2.5.1, MAA monomers were demonstrated to have greater yield in binding affinity; therefore, M-MAA and N-MAA were taken as models in this investigation. Fig. 3 shows that the greater the volume of water involved in the adsorption solvent, the greater the effect of the polymers. Hence, an optimal result was obtained when the water content was higher than methanol content. Moreover, there was not a remarkable difference of adsorption capacity between the MIPs and NIPs, probably because the analyte concentration employed was relatively low; therefore, there is no doubt that the analyte was readily capable of interacting with polymers in spite of the absence of the imprinting binding sites. In view of this, we eventually decided to use methanol and water (3:7, v/v) adsorption solvent for our further work. most effective and efficient monomer in binding with a template was M-MAA. The values of Q, K d , ∆Q, and IF of the imprinted polymers were all higher than those of the non-imprinted polymers, confirming that the synthetic MIPs were superior to the NIPs. The adsorption value in this investigation was higher than that in the previous report (Du et al., 2014) . In addition to this, although varying time was assigned, all polymers were found to become saturated in a 1-h inoculation; therefore, 1 h was selected as the inoculation time for our further experiments.
Binding specificity
Binding dynamics and competitiveness
It was observed that MAA functional monomers of synthesized MIPs were very capable of binding with various concentrations of CLEN compared with AN and MMA monomers (Fig. 4a) . The recovery rate of M-MAA was approximately 95% in a 1-h inoculation in a shaker at 140 r/min. Conversely, as a constantly increased concentration of CLEN was added to the adsorption solvents, the effectiveness of binding capabilities of M-AN and M-MMA gradually decreased, indicating that M-AN and M-MMA polymeric networks had poor binding interactions with a template and became saturated when the concentration of CLEN reached 0.01 mg/ml. Thus we can conclude that M-MAA polymers possessed an outstanding functional binding capability. To further differentiate the effect of imprinted and non-imprinted polymers made of the MAA functional group, we next gradually added to the extra initial concentration of CLEN, from 0.1 to 0.4 mg/ml. As shown in Fig. 4a , the result was that the higher the concentration, the lower effect of NIPs on interacting with analyte.
The structurally related molecules of CLEN, including salbutamol, terbutaline sulfate, and ambroxol, were chosen to define the CLEN-imprinted polymers' functional competitiveness. The adsorbed capacity of M-MAA was much greater than those of M-AN and M-MMA. Also, only M-MAA polymers are able to discriminate their structural analogues, probably because OH residue of MAA is more complementary with OH residue of the template (Fig. 2d) , and thus the hydrogen bonds made of MAA (H-O) could form a stronger interaction with other molecules than those of AN and MMA. Moreover, Beltran et al. (2010) also reported that amongst functional monomers, MAA has been the most widely used functional monomer for MIP establishment. As a result, the MAA functional monomer was the best choice to construct the strong binding imprinted polymeric networks for the CLEN molecule, whereas AN and MMA did not perform effectively (Fig. 4b) . 
Validation of method via MISPE procedure
Prior to testing the real sample pre-treatment in a micro-column, a series of experiments was carried out using the procedure described in Section 2.5.4. When the column was injected with 10 µg/ml CLEN, all synthesized polymers performed well in adsorption recovery. This is due to an increase of sorbent particles up to 50 mg, which created more available imprinted and non-imprinted poring spaces for the substrate interaction. However, when the amount of substrate was increased to 100 µg/ml, only M-MAA polymers retain the same capable function, confirming that the rebinding sites of M-MAA were much stronger and more efficient than those of M-AN and M-MMA. The binding recoveries of M-MAA, M-AN, and M-MMA for these two different concentrations of CLEN were 95.03%, 73.11%, and 66.10%, respectively. The proposed method, i.e. the MISPE-HPLC method, was validated through specificity, linearity, limit of detection (LOD), limit of quantitation (LOQ), recovery, intra-assay and inter-assay deviation. The specificity of this method was measured by analyzing blank samples. The chromatograms from an HPLC shown in Fig. 5 illustrate that there were no interfering peaks from endogenous compounds at the retention time of CLEN and that the MISPE-HPLC method could enrich CLEN to sufficient purity. The calibration curve of CLEN through HPLC was constructed using the areas of the chromatographic peaks versus the constant concentrations measured at 8 increasing spiked levels of the pig liver sample ranging from 5 to 1000 ng/g through diluting the stock solution in methanol. Good linearity of CLEN was obtained consistent with a calibration equation of y=15.52x+ 0.739 (R 2 =0.998). The LOD and LOQ, based on signalto-noise ratios of 3:1 and 10:1, were 0.047 µg/kg and 0.144 µg/kg, respectively. Recovery experiments were executed by spiking blank liver with CLEN standard solutions (0.005, 0.100, 1.000, and 10.000 µg/g liver), with five replicates for each concentration. The results from the proposed method showed a high recovery rate of CLEN ranging from 91.03% to 96.76% with the relative standard deviation (RSD) values in the range of 2.54%-4.45%, which demonstrates that the method was reliable and could be employed for the determination of trace CLEN residues in pig livers. Moreover, the intra-assay precision and accuracy of the method, expressed as the RSD of concentration from known spiked samples on the same day, were ≤4.45%, while inter-assay reproducibility in four consecutive days was less than 6.80% with an average accuracy of approximate 94%.
Real sample analysis
To illustrate the suitability and potential of this proposed method, eight pig liver samples were purchased from local markets. In the results, there are no CLEN residues detected in the livers through this method. Therefore, the accuracy of the method was re-evaluated through spiking with two different concentrations (1 and 5 µg/g liver) in a real pig sample. The results revealed that the accuracy of recovery was attained about 95%, reflecting that the proposed method was suitable to be used for the determination of trace CLEN residues in pig livers. 
Conclusions
In this study, a new preparation step of CLENimprinted polymers and extraction method to detect the CLEN residues in pig livers were developed. To our knowledge, this is the first report that has exploited hydrophobic interaction and hydrogen bonding based on allyl-β-CD and MAA functional monomers for MIP fabrication for selective recognition of CLEN. We also introduced a new extraction method of CLEN residue from a pig sample. The prepared MISPE procedure is simple and quick; all that is needed are a glass pipette, cotton, and quartz crystal sand. Most importantly, these materials are inexpensive and readily available. Based on the MISPE protocol, only at most 3-5 min is needed for the whole preparation process. Of the three synthetic polymers, M-MAA was found to be superior to its referent members M-AN and M-MMA, and possessed an effective recognition ability of imprinted polymers. In binding specificity, the average amounts of bound substrates of M-MAA, M-AN, and M-MMA were 14.34, 5.11, and 4.57 mg/g, respectively. M-MAA and N-MAA did not demonstrate substantial differences at low concentrations. However, once the analyte concentration was gradually increased from 0.1 to 0.4 mg/ml, the effect of M-MAA can be differentiated from that of N-MAA. The recovery from a spiked sample was very high, ranging from 91.03% to 96.76%, with RSD ≤4.45%. All in all, this proposed method could be employed for food quality and safety control analysis because of its simplicity, cost-effectiveness, and rapid detection of CLEN residues in pig livers. 
